Abstract
Introduction
As the core part of the ignition system ignition coil plays an important role in the engine performance [1] . Insulation fault is one of the most common faults of the ignition coils nowadays, especially for the low-end products. With the development of testing technology [2] the fault phenomenon is concerned about [3, 4] .
Insulation fault may happen before or during the use of ignition coil. Cavity, impurity, inhomogeneous dielectric medium and other reasons cause partial insulation to discharge under the high electrical field stress of the secondary winding. The discharges accelerate thermal damage to the material and eventually lead to entire invalidation of the ignition coil. The fault signal contains significant information about insulation defects such as time, damage extent, relative position of windings and lifetime. Therefore both development and monitoring can benefit from the insulation fault detection [5, 6] .
Local waveforms of ignition coil secondary high voltage are interfered by high frequency components with small amplitude when slighter discharge happens. As the breakdown getting worse the signal distorts severely. Moreover the two abnormal conditions mentioned above both feed back to the primary windings though electromagnetic circuit inside the coil. They also form pulse singularities with variable amplitudes in the primary current waveform. Detecting these singularities is the main foundation for further failure analysis.
Currently singularity detection of industry signals depends on transform [7, 8] and instantaneous frequency calculation [9] . Related problems are discussed as well [10, 11] . Wavelet transform is used as a powerful tool in signal processing [12, 13] , machinery health monitoring [14] , boiling curve studying [15] , data mining [16] , etc. S. Mallat and W.L.Hwang indicate that the Lipschitz exponent could be estimated by local maxima of wavelet transform and a basic method to create maxima lines is raised [17] . Their work is expanded to complex wavelet by C. L. Tu et al [18] . J. Campbell estimates maxima lines and its parameter via structural intensity [19] . T. Figarella and M. H. Jansen successfully apply an algorithm to brush detection through building the modulus maxima lines along the links between neighboring scales [20] . Traditional algorithm is simpler to achieve. T. Figarella 
Singularity Detection Based on Wavelet Transform Modulus Maxima

Wavelet Transform Modulus Maxima
Wavelet transform amplitudes generally manifest the singularity degree of the signal. Singularities correspond to the peaks of wavelet transform values.
is the wavelet vanishing moment, there exists a constant A such that
(1) S. Mallat and W.L.Hwang demonstrate that in the cone of influence the wavelet transforms value of x(t) is determined by the function values near t 0 . They point out that the wavelet transform modulus maxima lines converge towards the singularities of the signal along the scale reducing direction [17] .
Key Issues
Selecting mother wavelet
Correlation is one of the main principles of selecting mother wavelet. Wavelet coefficients represent the similarity between wavelet and a subset of signal. Vanishing moment is also important to wavelet singularity detection. It should be at least larger than th e Lipschitz exponent of the singularity deducing from Theorem 1. Wavelet with higher vanishing moment has greater contribution on the high frequency components of the signal. Hence usually we prefer wavelet with high vanishing moment.
Establishing modulus maxima lines
Modulus maxima are a series of points if they are not linked obeying certain rules. They are supposed to appear at the neighborhood of the singularity. However it is not the case actually. Number of modulus maxima increases with the scale diminishing. Position of modulus maxima may shift or vanish at some scales. False modulus maxima arise in other locations due to calculation process and noise. Even singularities of signal itself would affect detection result. So choosing the optimal mother wavelet and appropriate link regulation though theoretical analysis and experiments is a way to obtain good recognition effect.
Ignition Coil Insulation Fault Detection Algorithm
In the premise of certain mother wavelet it is essential to define the scale range of continuous wavelet transform. The finest scale should distinguish signal details and the coarsest scale should discern signal overall trend. Intervals between adjacent scales should be even and not too large. Our algorithm is executed according the steps below. 
Experimental results
Singularities of ignition coil primary current signal are in the form of pulses with the duration of 0.1μs to 1μs. Their Lipschitz exponents are less than one. We choose Haar as the mother wavelet. Wavelet Haar has first order vanishing moment, simple calculation and acceptable correlation with the fault signal.
We simulate the primary current based on the circuit model. Equivalent circuit of ignition coil is show in Figure 1 . 1 R and 2 R are coil resistances. 1 L and 2 L are coil inductances. 1 C is primary coil distributed capacitance and 2 C is sum of secondary coil distributed capacitance, capacitance of ignition high voltage wires and spark plug equivalent capacitance. 1 () Ut , 1 () itare primary voltage and primary current. 22 R is spark plug carbon deposition resistance. M is mutual inductance between the primary and secondary coil.
Considering characteristics of ignition system and actual detection results primary current is divided into four stages in a single ignition cycle. First in the period of zero to a t primary coil charges and current is increasing from zero up to maximum 0 I . If U is the ignition voltage then
Second the primary coil turns off. It starts from 
Third secondary coil discharges and voltage feed back to primary coil. We use two Parabolas to simulate the current. Fourth primary current maintains zero until the next ignition cycle.
Since fault pulses emerge at the second and third stages, we select little segments of the first and fourth stages and entire second and third stages as the original sign al. And we add . We compare our algorithm with the traditional algorithm and the complex algorithm followed the steps from [20] in order to initially verify its effectiveness. Figure 2 shows the maxima lines gained from the three algorithms when 0.3
 
. Two maxima lines of our algorithm converge to the exact location of singularities while the complex algorithm from [20] brings in extra computation and maxima lines of tradition algorithm are not as regular as the other two algorithms. 
. Traditional algorithm detects 16.91 singularities pre time averagely. Complex algorithm detects 1.67 singularities pre time averagely. Our algorithm detects 1.96 singularities pre time averagely. The number of singularities that traditional algorithm detects is much more than two. So we compare the error of complex algorithm in [20] The run time of the three algorithms for 1000 times in Matlab7.1 is showed in Table 2 . The hardware configuration is CPU of AMD Dual-Core 1.91GHz and 2G memory. The time complexity of our algorithm is adjacent to the traditional algorithm. 
Conclusions
We present an algorithm to detect the pulse singularities in the ignition coil primary current signal caused by insulation fault. It identifies the locations of the singularities whose magnitudes are greater than 0.5 when  is less than 0.3 with the root mean square error below 0.8. The algorithm could be applied to the rapid detection of the ignition coil insulation failure or other related detection fields. Furthermore it provides the basis for analyzing regular pattern, extent and origin of the fault.
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